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ABSTRACT 


Installation and evaluation of a proposed airborne data 
acquisition system was accomplished for use aboard the Aero- 
nautical Engineering Department's Cessna 310H. This flying 
laboratory was obtained for use with the two-course series 
in flight evaluation techniques to enable students to employ 
actual flight test methods and to gain an insight into the 
problems and limitations of flight testing. Static and dy- 
namic analyses were performed on the aircraft's pitot-static 
boom, and a method was found to dampen vibration of the boom 
in flight. System Paanleac ion procedures were formulated, 
and the system was tested throughout the flight envelope of 
the aircraft. The system was found to provide satisfactory 
data for classroom work and will certainly improve as addi- 


tional sensors are added. 
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I. INTRODUCTION 


The Flight Mechanics Curriculum of the Naval Postgraduate 
School's Aeronautics Department includes a two-course series 
in flight evaluation techniques. The first of these courses 
introduces methods used in evaluating performance character- 
istics of aircraft, while the second course investigates 
stability and control evaluation. In order to make this 
classroom work more meaningful, it is highly desirable to 
have access to an aircraft which can function as a flying 
laboratory. In addition to enabling students to put flight 
evaluation theory into action, working with an actual air- 
craft serves to demonstrate problems and limitations of flight 
testing. The object of this program is not to produce test 
pilots or flight test engineers, but rather to give aero- 
nautical engineering students a feel for the capabilities of 
flight test work. 

The requirements of such a flying laboratory include the 
following: 

1) An aircraft and data acquisition system that are re- 

liable and relatively inexpensive to operate. 

2) A data acquisition system that is not too elaborate - 
one that is simple and easy to operate. A minimum 
amount of time should be required in teaching students 
how to operate the system. 

3) A system that actively involves students in the test 


procedures. One of the main benefits of a flight lab 





is that the student can experience what is occurring 
during a given test. The more actively he is in- 
volved in the test, the more aware he will be of what 
is happening. 

4) A system that requires little data reduction. Stu- 
dent time can be utilized more effectively in quali- 
tatively analyzing the flight data. 

Until January of 1972, aircraft assigned to the Naval 
mute y Landing Field were available for use in demonstra- 
ting flight test methods. When Combat Readiness Training 
was discontinued, and the Navy removed all its aircraft from 
Monterey, it became necessary to seek an aircraft from an- 
other source. 

Accordingly, a Cessna 310H was leased from a civilian 
owner through funding provided by Naval Air Systems Command. 
Because the aircraft is used solely by a government agency, 
it is defined by Federal Aviation Regulations as a public 
aircraft. This means that the aircraft is not bound by FAA 
regulations and that the operating activity is responsible 
for the safe operation and maintenance of the aircraft. The 
Aeronautics Department, however, maintains the aircraft in 
accordance with the requirements for an aircraft certified 
under a standard air-worthiness certificate, and all appli- 
cable inspections and documentation are accomplished as nec~- 
essary even though not required by FAA. The aircraft is 
operated in accordance with the Naval Postgraduate School 


Air Operations Manual, Chapters IV-VII of OPNAVINST 3710./7, 





and Federal Aviation Regulations, and where a conflict exists, 
the most stringent requirements are followed. 

A well-structured organization has been formed by the 
Curricular Office and Department of Aeronautics faculty to 
oversee operation of the aircraft. This organization pro- 
vides flight check-out for students who fly the aircraft, 
and also ensures that the aircraft is properly maintained 
and operated in a safe and efficient manner. During lab 
exercises the aircraft is piloted by students who are enrol- 
led in the flight evaluation course; this serves a dual pur- 
pose, increaSing the utilization of the aircraft by allowing 
an additional student to participate in each flight, and also 
allowing the students controlling the aircraft to gain an 
even greater insight into flight test work. 

Installation and check-out of a previously designed data 
acquisition system was accomplished in the fall of 1973. An 
initial flight evaluation was conducted in January of 1974, 
and the system was immediately put into use as a flying lab- 


oratory. 





II. DATA ACQUISITION SYSTEM 


A. AIRCRAFT DESCRIPTION 

A photograph of the Naval Postgraduate School's Cessna 
310H, N164X, is shown in Figure 1. The aircraft is a low- 
Wing, twin-engine monoplane Sunn ewes Cessna Aircraft Company 
in 1963. It is powered by two Continental I0-470-D recipro- 
cating engines with a rated output of 260 horsepower at 2625 
RPM. Each engine iS equipped with a two-bladed, constant 
speed, full feathering SEOREIIGL. The aircraft has tricycle 
type landing gear which are fully retractable. Maximum 
gross takeoff weight is 5100 pounds including a passenger/ 
cargo load capacity of approximately 1000 pounds. 

The aircraft's primary flight control surfaces consist 
of conventional rudder, ailerons, and elevator. These sur- 
faces are mechanically linked to a yoke and rudder pedals at 
each of the two front seats. Three-axis trim capability is 
provided by trim tabs located on the rudder, right elevator, 
and left aileron. These tabs are mechanically controlled by 
trim wheels located on the engine control pedestal. The left 
(pilot's) instrument panel contains flight and navigation 
instruments while the right (co-pilot's) panel contains en- 
gine instruments. Engine and propeller controls are located 
on the engine control pedestal, between the pilot and co- 
mae t.. 

Aircraft electrical power is supplied by a 28-volt, neg- 


ative ground, direct current system and is powered by a 


10 





50-ampere engine-driven generator on each engine. Two 1l2- 
volt batteries are connected in series to provide a standby 
24-volt power source when the generators are inoperative. 
All of the electrical systems in the aircraft are protected 
by "push-to-reset" type circuit breakers located on the left 
forward cabin wall. Additional protection is provided to 
certain circuits by the use of fuses. 

The Cessna 310H is designed to accommodate a maximum of 
six passenger seats. The Postgraduate School's aircraft is 
configured to carry four people- the pilot, plus three other 
students. This arrangement allows room for the installation 
of the data acquisition system and also compensates for the 
weight of the system. 

The flight envelope of the 310 is large enough to enable 
investigation of many facets of both performance and stabil- 
ity and control. The maximum speed of the aircraft is 254 
MPH, with a stall speed of 75 MPH when landing gear and 
flaps are down. The load factor operating range is from 
+3.8 g to -2.0 g. With oxygen, the 310 is capable of opera- 
ting to a maximum altitude of 20,000 feet. The aircraft's 
two engines provide a means of studying the effects of asym- 
metric power. The main fuel supply is located in the wing 
tip tanks, and this presents an available means for examin- 
ing the effects of asymmetrical loading. In general, the 
aircraft seems well suited for use as a flight laboratory. 

Several previous flight evaluations have been conducted 


on the Cessna 310. Reference 7 contains a study of the 
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handling qualities and stability and control characteristics 
of seven general-aviation aircraft, including the 310. Ref- 
erence 8 reports the results of full-scale wind tunnel tests 
of the 310. It contains extensive information on static 
lateral and longitudinal stability and control characteris- 
tics of the airplane. These two reports provide excelente 
background and comparison material for conducting flight 


tests with the Naval Postgraduate School's aircraft. 


B. OBJECTIVE 
The objective of instrumenting the aircraft was to pro- 
vide an airborne data acquisition system capable of furnish- 
ing performance and stability and control data to each of 
the three passenger seats in the aircraft. Parameters to be 
measured by the data acquisition system include: 
lL. Control Force | 
ds ome vator 
b. aileron 
Cc. rudder 
2. Control Position 
a. elevator 
b. aileron 
c. rudder 
3. Angle of Attack 
4. Sideslip Angle 
5. Normal Acceleration 
6. Airspeed 


7. Altitude 


AZ 





In addition, engine parameters can be obtained directly from 


existing aircraft instrumentation. 


C. SYSTEM DESIGN 
A data acquisition systém for the Cessna 310H was pre- 
viously designed as a thesis project. Reference 5 contains 
a complete description of the system design and the philoso- 
phy that went into its creation. A brief account of the 
Main components of the system design is given below: 
l. Measurement of Control Forces 
Strain gages arranged into Wheatstone bridge circuits 
provide an efficient means of measuring applied forces. Ac- 
cordingly, strain gage bridges were incorporated into the 
cockpit flight controls to measure elevator, aileron, and 
rudder forces. 
a. Aileron and Elevator Forces 
Blueprints for a specially designed control wheel 
were obtained from Cessna Aircraft Company. This wheel was 
fabricated by ae Aeronautics Department machine shop and 
installed in the aircraft in place of the existing co-pilot 
wheel. This new control wheel is essentially two cantilever 
beams extending from the center control column. These canti- 
lever beams have a rectangular cross section with four type 
C-9-171 strain gages on each face. The strain gages on each 
face are Wired to form a 350-ohm Wheatstone bridge. The 
wheel is mounted so that elevator forces and aileron forces 


are measured independently. 
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Signal conditioning for the instrumented control 
wheel is provided by Grant model DCA8-3 operational ampli- 
fiers. One amplifier is used with the elevator force system 
and another is used with the aileron force system. MTwenty- 
eight volt aircraft power is supplied to each amplifier and, 
in turn, the amplifier provides a five-volt excitation to 
the appropriate bridge circuits on the control wheel. Out- 
put voltage from the bridge circuits is then passed back to 
the operational amplifier for signal amplification. 

b. Rudder Force — 

Each of the copilot's rudder pedals is equipped 
with a special force transducer manufactured by Radiation 
Incorporated. These transducers consist of strain gages 
arranged in 350-ohm Wheatstone bridges to register the force 
applied to each rudder pedal. Each pedal transducer is 
powered by 5 volts from a Grant operational amplifier. The 
output voltage from each transducer is fed back into its 
Operational amplifier for amplification. The signals from 
both amplifiers are then added using an electrical algebraic 
summer. This summer reverses the sign of the signal from 
the right rudder pedal before combining it with the signal 
from the left rudder pedal. The signal which comes out of 
the summer is the differential of the signal from the two 
rudder pedals and thus represents the differential force that 
is produced when the pilot uses both feet on the rudder 


pedals. 
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2. Measurement of Control Surface Positions 

Each of the primary flight control surfaces of the 
Cessna 310H is mechanically linked to the cockpit controls 
via wire cables and bell-crank assemblies. Since any angu- 
lar movement of a control surface iS accompanied by a corre- 
sponding move in the mechanical linkage, determination of 
control surface position can be accomplished by measurement 
of the linkage displacement from some reference point. 

In order to measure this control linkage displace- 
ment, three linear displacement transducers were obtained 
from Space Age Control, Incorporated. Each transducer is 
essentially a 2000-ohm rotary-arm no PeRERIOHeeer with a 
Spring-tensioned spool enclosed inside a drum on the side of 
the potentiometer. A flexible six-inch wire cable is wrapped 
around the spool and extends through an opening in the drum. 
As this wire is pulled out of the drum, the spool turns and 
the rotary arm turns with it. Likewise, when the wire is 
released, the spring tension on the spool causes the spool 
to rewind, and the rotating arm turns in the opposite direc- 
tion. This action causes the potentiometer resistance to 
vary from zero to 2000 ohms. When the wire from the poten- 
tiometer 1S connected to a control cable, movement of a con- 
trol surface causes a change in potentiometer resistance 
which can be easily measured and translated into measurement 


of the control surface displacement. 
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3. Accelerometer 
A Statham model ASTC-8.0-350 accelerometer is used 
to measure the aircraft's normal acceleration. This is an 
unbonded strain gage type accelerometer which electrically 
measures g-loading normal to the aircraft's longitudinal 
axis. The accelerometer is powered by 5VDC from a Grant op- 
erational amplifier, and its output signal is amplified by 
the op amp. 
4. Pitot-Static System 
In addition to the original Bret meee system in- 
stalled in N164X, three additional systems were installed to 
enable investigation of the effects of placement of the 
pitot-static ports. A 90-inch boom is attached to the left 
Wing tip of the aircraft. This boom extends into the free 
airstream ahead of the aircraft. A pitot-static tube in the 
nose of this boom allows measurement of the static and dy- 
namic pressures outside the pressure disturbance caused by 
the aircraft. An additional pitot-static tube is located 
under each wing at wing station 161. Plastic tubing from 
each dynamic and static source is routed through the wings 
and into the cabin area. Any pitot-static system may be 
selected for use at any of the three student consoles. No 
change was made to the original pitot-static system, and it 
1s connected solely to the pilot's flight instruments. 
5. Yaw and Pitch Sensor (YAPS) 
The boom described in the above paragraph also con- 


tains a YAPS head for measuring angle of attack and sideslip 
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angle. This YAPS head is located on the forward part of the 
boom and consists of two identical light-weight aluminum 
vanes. These vanes are mounted perpendicular to each other 
with the angle of attack vane free to rotate in the vertical 
plane, and the sideslip vane free to rotate in the horizontal 
plane. The shaft of each vane is connected to a 5K ohm ro- 
tary potentiometer inside the boom. Deflection of the vane 
causes a corresponding change in the resistance of the poten- 
tiometer and enables meaSurement of the angular deflection 
of the vane. 

6. Junction Box 

The central feature of the data acquisition system 
1s the junction box. This J-box serves as a collection 
point for the inputs from all of the system's electrical 
sensors. The J-box also houses balance potentiometers for the 
three flight control surface position transducers and the 
two transducers located in the YAPS head of the pitot-static 
boom. These balance pots allow voltage nulling for any de- 
sired zero settings of the sensor potentiometers. 

The J-box is divided into an input side and an out- 
put side. The input side consists of 15 pairs of jack plugs 
mounted on top of the junction box. Each pair of plugs in- 
cludes a red bilig and black plug. The signal from each of 
the five sensor potentiometers, the output of the rudder 
force summer, and the outputs from the elevator force, aile- 
ron force, and accelerometer operational amplifiers are 


wired into these input plugs. The high side of each signal 


ila 





is fed into the red plug, and the low side is fed into the 
black plug. Only nine of the 15 pairs of plugs on the input 
Side are used in the present system design. The remaining 
Pimsets of plugs were included to accommodate future expan- 
Sion of the data acquisition system. 

The output side of the junction box consists of five 
pairs of red and black plugs. These plugs are wired directly 
into the student consoles located at each of the three pas-~ 
senger seats. Any five of the nine available electrical sen- 
sors can be patched into the student consoles by linking the 
input plugs for each of the chosen parameters to a pair of 
output plugs. Thus, there is a capability of channeling 
five different signals into the student consoles. The num- 
ber of output signals passed to the student consoles was 
based on the determination that a maximum of five electrical- 
ly measured parameters would be required for any given flight 
test. 

7. Data Presentation 

Data presentation is accomplished by an instrument 
console at each passenger seat. Each console has an air- 
speed indicator, an altimeter, and a small digital voltmeter. 
The voltmeter is a DATEL model DM1000 with a display range 
of +1.999 volts. A selector switch below each voltmeter 
allows a choice of any one of the five available parameters. 
Data from the electrical transducers are presented as an easy~ 
to-read digital voltage, and data reduction consists of sim- 


ply entering a calibration curve with this voltage to obtain 
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the actual parameter value. In addition, aircraft engine 
performance parameters can be easily obtained from the co- 


pilot's instrument panel. 
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III. PITOT-STATIC BOOM ANALYSIS 


A. BOOM DESCRIPTION 

The remote-sensing pitot-static system is installed on 
the left wing tip of the aircraft as shown in Figures 2 and 
3. The system consists of a 90-inch boom protruding into 
the free air stream ahead of the aircraft, with a YAPS head 
and pitot-static tube mounted on the tip of this boom. The 
boom itself is constructed of 1.875-inch diameter seamless 
2014T6 aluminum tubing with .136-inch wall thickness. It is 
secured to the wing by a bracket mounted to the forward wing 
Spar and another bracket mounted to the rear wing spar. The 
boom is also constrained by a clamp which extends out from 
the Ora bulkhead of the left wing tip fuel tank. Wiring 
for the YAPS head and tubing for the pitot-static system run 
down the center of the boom, through the left wing, and into 
the aircraft cabin. 

Cessna Aircraft Company used a similar pitot-static boom 
when validating the standard 310 pitot-static system. How- 
ever, no documentation could be obtained to prove that a 
structural analysis had been done on this boom design. If 
one examines the flight envelope of the 310H (Figure 4), it 
1s seen that the aircraft is subjected to a fairly wide range 
of conditions. The 310H has a maximum speed of 254 MPH and 
normal acceleration ("gg") limits of -2g to +3.8g. Since the 


pitot-static boom was to be a semi-permanent installation on 
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N164X, it was decided that a complete analysis of the boom 
system was necessary to ensure safety of flight. 

The aerodynamic loading on the boom is a result of the 
crossflow component of the velocity of the aircraft. Figure 
5 is a diagram showing how peOEe Elon velocity is determined. 
The greatest crossflow due to angle of attack should occur 
when the aircraft is operating at sea level with maximum 
gross weight loading and in the clean configuration. Inas- 
much as the crossflow velocity is a function of both the 
angle of attack and the velocity of the aircraft, the ex- 
treme points of the V-n diagram (points A, B, and C in Fig- 
ure 4) were examined to determine the greatest possible 


crossflow velocity. 





Point A 
W = 5100 1b Se = 0 
V = 254 mph n= 3.8 
C= le Oat 
2nw 
Cc. = = .656 
LL pv’s 


The full scale wind tunnel curves for the Cessna 310 [Ref. 


8] shows that the above C, corresponds to an aircraft angle 


L 
of attack of 6°. Since the boom is at an angle of incidence 
Of =—.5°, the actual angle of attack of the boom is 5.5°. 
This produces a velocity across the boom of: 


Vv = V°Sin oa sesicn / fips 


crossflow boom 


2a. 





The crossflow velocities for points B and C were found ina 


Similar manner: 


Point B Point C 
V = 167 mph V = 86 mph 
n= 3.8 n= 1.0 
Cy, = 1.52 C, = 1.52 
Yerossflow ~ /3-/fps Vorossflow = 37-9fPs 


Thus, it appears that the greatest crossflow velocity due to 
angle of attack occurs at point B on the V-n diagram. The 
Reynolds number for the boom at this point was found to be 
approximately 6x10*. Since point B should represent the 
flight conditions at which the boom would experience its 
largest aerodynamic loading, a static and dynamic analysis 


was made using these conditions. 


B. THEORETICAL BOOM MODEL 

Before attempting a structural analysis of the pitot- 
static boom, it was first necessary to create a theoretical 
model of the boom with which to work. As the boom is rigidly 
fixed to the wing, it was decided to treat the portion of the 
boom forward of the front wing spar as a cantilever beam. 
The boom support which is mounted to the tip tank is flexible 
and bends as the boom moves. Therefore, it was modeled as a 
Spring support. The forward part of the boom contains the 
YAPS instrumentation, and is much more densely packed than 


the rest of the boom, so it was modeled as a concentrated 
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mass on the tip of the boom. The resulting theoretical model 


is shown in Figure 6. 


C. STATIC ANALYSIS 

The boom is essentially a circular cylinder and as such, 
its drag coefficient can be determined from a plot of drag 
coefficient versus Reynolds number such as shown by Schlich- 
ting [Ref. 9]. In a previous section it was shown that the 
Maximum crossflow across the boom corresponded to a Reynolds 
number of approximately 6x10*. At this Reynolds number a 
circular cylinder should have a Ch of approximately 1.2. 

In normal flight, the vertical aerodynamic loading on 
the boom will act in the opposite sense from the loading 
caused by the weight of the boom. The loading on the boom 
in the horizontal plane is due to aerodynamic forces alone; 
no weight component is involved. In order to simplify cal- 
culations and to maintain a Safety factor, the weight of the 
boom was neglected throughout the static analysis. 

The static analysis was broken down into a Superposition 
of a cantilever beam with a uniform loading (due to aerody- 
namic drag) plus a cantilever beam with a point load (due to 
reaction of the spring support). (See Figure 7). For a uni- 
form load on a cantilever beam, the deflection can be ex- 
pressed as: 


v, (x) = aes AQex + 39") 
24 EI 
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For a point load on a cantilever beam, the deflection is 


expressed as: 


fx? _ 1 kev(x) 


v == 
2 (x) EI 3 EI 


wih 


Since the deflection of the beam is simply the sum of these 
two expressions, the deflection at point "a" can be found. 


a — aa + 34 


k-ea? 
3EL 


a) 
v(a) = v, (a) + v = - —— 
(a) , (a) 2 (a) Wan 
as 
Using the following properties of the actual boom, the 


deflection at point “a"“ was determined. 


E = 10.8x10* psi ee Drake? in 
in 
, 3 _ 1b 
I = 0.28258 in. Kvertical = ©°7-° in 
— j - = 
a Boe 25 nN. Kiateral ‘oni in 
L = 67.94 in. 


(See Appendix A for development of spring constants.) 
For a vertical loading, the deflection at point "a" was 
found to be: 


= 0.00889 —22: 


Paurertical lb/in. 


This results in a spring reaction of 


te =k ev (a) 3.04 


vertical vertical vertical 


Likewise, the deflection and spring reaction were found for 
a lateral ileading: 


ne 
es 1 => 0.01382 Ib/ine 


fiateral — Ki ateral v2) iateral = 4.58 lb 
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Once the spring reaction forces had been determined, 
shear and moment diagrams were constructed as shown in Figure 
8. Stress along the boom was determined using the expression 
o¢ = Eee The maximum stress resulting from aerodynamic load- 
ing was found to be 268 psi and occurred at the fixed end of 
the boom. Tubing of 2014T6 aluminum has an ultimate strength 
of 62,000 psi and can easily handle the static loading caused 


by aerodynamic forces. 


D. DYNAMIC ANALYSIS 

When a circular cylinder is placed normal to an airstream, 
the wake of the cylinder tends to shed from alternating 
Sides of the rear of the cylinder. The fluctuating wake 
creates unsteady aerodynamic forces on the cylinder, and if 
the cylinder were free to move, these unsteady forces would 
cause the cylinder to oscillate. The PRCouenen (f£) at which 
the cylinder oscillates is a function of the diameter of the 
cylinder (D), the velocity of the airstream (V), and the 
Reynolds number of the flow across the cylinder. This rela- 
tionship can be expressed as §S = =, where S represents a 
dimensionless frequency known as the Strouhal number. 
Strouhal number is solely a function of Reynolds number and 
body cross-sectional shape and maintains a constant value of 
approximately 0.21 [Ref. 9] over the range of Reynolds num- 
bers encountered for a circular cross-section of the pitot- 
static boom. Knowing the Strouhal number and the diameter 


of the boom, the frequency of oscillation may be determined 
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for any crossflow velocity. Referring again to the V-n dia- 


gram of Figure 4, the following frequencies were calculated: 


En = 48 hertz 
fe = 99 hertz 
fa = 51 hertz 
ED = 17 hertz 
fe = 9 hertz 


An initial experimental investigation was performed on 
the installed boom to identify its dynamic structural char- 
acteristics. A Statham unbonded strain gage accelerometer 
Was strapped to the tip of the boom. This accelerometer was 
hooked through appropriate signal conditioning and amplifi- 
cation and into an oscillograph. The boom was given a sharp 
rap, and a time history of the boom vibration was obtained. 
From this plot a fundamental resonance frequency of approxi- 
mately 6.5 hertz was found for a vertical input, and a 
resonance frequency of approximately 10.5 hertz resulted from 
a horizontal input. The plot also enabled determination of 
a damping ratio (t) of about 0.005 for the boom system. 

Using the relationship G = 7 the dynamic gain of the boom 
could be estimated to be approximately 100. 

The next step in the dynamic analysis was to calculate 
theoretical values for the first and second resonant fre- 
quencies of the boom system. These calculations were neces- 
Sary to provide a cross check for the first resonant frequency 
found experimentally and to furnish a reliable estimate for 


the second resonant frequency. In order to obtain reasonably 
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accurate values for the first two modes, the first four modes 
were considered. Modal expansion was accomplished using the 
Rayleigh-Ritz energy method. A candidate admissible function 


of 


was selected and calculations were performed as outlined by 
Tong on page 286 of Ref. ll. 

.The potential energy of the boom system was determined 
as the sum of the potential energy due to beam stiffness plus 
the potential energy due to the spring support of the boom. 
The kinetic energy of the system was determined as the sum 
of the inertia effects of the distributed mass of the boom 
plus the inertia effects of the concentrated mass at the 
boom tip. The Naval Postgraduate School's IBM 360 computer 
was utilized to obtain modal frequencies and mode shapes for 
four different boom configurations. These four configura- 
tions included: 

1. Boom with no concentrated tip mass and no spring 
Support 
2. Boom with tip mass but no spring support 
3. Boom with tip mass and vertical spring support 
4. Boom with tip mass and horizontal spring support 
The computer program that was employed, plus the mode shapes 
and modal frequencies for each of the four cases are shown in 


Appendix B and Figure 9. The first two resonant frequencies 


2H 





for each case are tabulated below for comparison: 





Case ' £; (hertz) f> (hertz) 
1 14.6 92 
2 pS 69 
3 Lis6 85,5 
4 | Ome 78 


As would be expected, the concentrated end mass had the ef- 
fect of lowering the resonant frequencies, while the spring 
support caused an increase in the resonant frequencies. The 
fundamental resonant frequency for case 4 showed reasonable 
agreement with the corresponding frequency found by measure- 
ment. The first frequency for case 3 differed significantly 
from the measured value. This difference was due primarily 
to the coupling experienced between the boom and the wing 
torsion mode of the aircraft when the case 4 measurement was 
conducted. 

The following structural frequencies were obtained from 
the Cessna Aircraft Company for the Cessna 310H: 


Tip Tanks Bending Torsion 


lst 2nd 








There were three problem areas pointed out by this dy- 
namic analysis. The first resonance frequency of the boom 
system was found to be in the same range as the structural 
frequencies of the aircraft's wing. Secondly, the vibra- 


tions caused by the unsteady aerodynamic forces on the boom 
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span the frequency range containing the first and second 
resonance frequencies of the boom and the second resonance 
frequency of the boom is relatively close to the aerodynamic 
frequency produced by the maximum cross-flow velocity across 
the boom. When the boom resonance gain of 100 is applied to 
the maximum static stress, the maximum dynamic stress is 
found to be about 26,800 psi. For an ultimate boom strength 
of 62,000 psi, the resulting margin of safety was found to 
be 1.3. In view of the rough approximations and methods 
used in determining this margin of safety, it was considered 
to be much too low. In order to increase the safety margin 
and to avoid the possibility of wing flutter caused by vibra- 
tion of the boom, it was decided to seek a means of increas-~- 
ing the damping ratio of the boom. Increased damping would 
decrease the dynamic gain, decrease dynamic stresses, and 


reduce the effect of boom-wing coupling. 


E. EXPERIMENTAL ATTEMPTS TO INCREASE BOOM DAMPING 

Damping is a rather common subject, discussed quite free- 
ly in any textbook on mechanical vibration. However, when 
it becomes necessary to evaluate the damping present in a 
given physical system, or to increase the damping ratio of a 
system, 1lt appears much easier and more reliable to resort 
to empirical methods. Accordingly, it was decided to exper- 
imentally seek a practical means of increasing the damping 
ratio of the aircraft's pitot-static boom. 

Since it was not desirable to use the actual pitot-static 


boom aS a vibrational test-bed, a laboratory model of the 
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boom was created to examine possible methods of obtaining 
damping. The Mae chosen wasS Simply an aluminum tube which 
was mounted as a cantilever beam on the Naval Postgraduate 
School's 500-pound Ling Temco shaker table. The model was 
fashioned from two-inch diameter aluminum tubing, 102 inches 
in length. The tubing was mounted to the shaker table by 
means of a six-inch clamp which securely held it in place. 
This arrangement resulted in two identical four-foot canti- 
lever beams extending either side of the clamp and served to 
reduce any unsymmetrical loading of the shaker table. Dimen- 
Sions of the model were dictated by a desire to obtain geo- 
metric Similarity and a system with a resonance frequency 
close to that of the actual pitot-static boom. The shaker 
table which was utilized demonstrated questionable accuracy 
below fifteen hertz, so the model was designed with a first 
natural frequency of approximately thirty hertz. Although 
the natural frequencies differed between the boom and the 
model, they were still in the same immediate frequency range. 
Two Endevco piezoelectric accelerometers were calibrated 
and placed on the model. One accelerometer was mounted at 
the midpoint of one of the cantilever beams, and the other 
was mounted on the clamp which held the model to the shaker 
table. These transducers were used to measure the shaker 
table acceleration (input) and the resulting response of ene 
model (output). Data acquisition instrumentation included a 
digital frequency counter, an RMS voltmeter to determine in- 


put and output signals, and a dual beam oscilloscope for 
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Signal visualization. A photograph of the shaker table lay- 
out is shown in Figure ll. The ratio of the output to the 
input, or magnification ratio, could then be determined over 
a Suitable frequency range to provide information on the 
vibration characteristics of the model. Froma plot of mag- 
nification ratio versus frequency, the resonant frequencies 


and damping ratios could be determined from the relationship 





on = Af , where 
n 
Af = 1/2 power band width 
fn = resonant frequency of the nth mode 
Cn = damping ratio of the nth mode 


The first and second mode shapes of the baSic pipe model 
were obtained. From these mode shapes the mode frequencies 
and modal damping could be determined. This information was 
used as a basis for comparing the relative effects of various 
attempts to add damping to the system. 

Several of the methods employed in the search for a prac- 
tical damping device are discussed below: 

1) The first attempt involved placing a soft wooden 
dowel inside the entire length of the pipe model. The dowel 
was fitted snugly into the pipe, and was held in place by 
set screws. The effect of the dowel was to decrease f, and 
increase the magnification ratio, resulting in a damping 
ratio of approximately fifty percent less than the damping 


ratio of the basic model. 
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2) Two small plastic containers were fitted into the 
last twelve inches of the free ends of the pipe. These con- 
tainers were filled with water to determine if the sloshing 
action of the water would create a damping effect. Another 
test was conducted using a more viscous liquid for compari- 
son. The effect caused by both liquids was similar. The 
resonance frequency was reduced, and the magnification ratio 
was reduced, but the overall effect was a lowering of the 
damping ratio of the system. This was just the opposite of 
the effect being sought. 

3) It was next desired to examine the effects that 
applying fiberglass to the outside of a beam would have. 

Lack of facilities ruled out the possibility of applying 
fiberglass to the pipe model used in previous tests, so it 
was necessary to use a smaller model for this test. Two 
identical aluminum bars were obtained, and when mounted on 
the shaker table each bar formed two symmetrical cantilever 
beams 12-inches x l-inch x 3/8-inch. Although there was 
neither geometric nor resonant similarity between these mod- 
els and the pitot-static boom, qualitative information could 
Still be obtained. One of the bars was used as a reference, 
while the other was covered with five layers of fiberglass. 
The layers were applied alternately in the longitudinal and 
lateral directions to obtain a total fiberglass cover approx- 
imately 1/32-inch thick. Each of these bars was subjected 

to shaker table tests, and plots of frequency versus magnifi- 


cation ratio were obtained for each bar. Comparison of the 


32 | 





two plots showed that the bar with the fiberglass coating 
had more than double the damping ratio of the control bar. 
This seemed to offer a possible solution to damping out the 
vibrations of the boom, but since a method for applying fi- 
berglass to the actual boom was not readily available, it 
was decided to search further for an alternative. 

4) The Grumman S-2 aircraft has a hollow appendage 
located on the left horizontal tail. This appendage is 
partially filled with lead shot and its purpose is to help 
Suppress aerodynamic flutter on the horizontal tail. It 
appeared that this type of device might provide a suitable 
method for reducing the vibrational response of the pitot- 
Static boom. Accordingly, a quantity of #9 lead shot was 
obtained and shaker table tests were conducted using the shot 
and the pipe model. It became immediately obvious that the 
shot rattling around in the pipe did have a very noticeable 
effect on the vibrational characteristics of the model. As 
can be seen in Figure 1l, the shot bouncing around inside 
the pipe practically destroyed the peaks previously found in 
the plot of frequency versus magnification ratio. When the 
pipe was vibrating at frequencies near the model resonance 
frequencies, the shot could be heard rattling very actively. 
In addition, the oscilloscope trace for the output Signal 
showed quite a bit of noise when the shot was in motion. 
Apparently, the irregular bouncing motion of the lead shot 
against the pipe and against each other tends to dissipate 


the system's energy at or near the resonance frequencies. 
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This damping principle is referred to as impact damping and 
is often used in eodae of heavy machinery. 

A shot package could have the capability of greatly in- 
creasing the damping of the boom, but several questions need- 
ed to be answered in deciding how to use the shot: 

1) Where should the shot be placed? 

2) How much shot should be used? 

3) What type of container should be used to hold 
thesshot? 

The problem of a suitable container for the shot was 
addressed first. To avoid structural problems and to pre- 
vent unwanted aerodynamic effects, it was determined that 
the shot package should be located inside the boom rather 
than in an externally-added Con auume ie There were two con- 
straints on fabricating a shot container. Naturally, it was 
necessary to allow the shot to vibrate freely within the 
pipe, yet not allow it to escape. Secondly, provision had 
to be made to accommodate the wiring and tubing that runs 
down the center of the actual boom. The setup decided upon 
was constructed using an 18-inch length of 5/8-inch diameter 
thin-walled plastic tubing and three two-inch wooden plugs. 
The tubing was inserted through holes in the center of each 
wooden plug to form two six-inch compartments as shown in 
Figure 12. This arrangement allowed the selection of two 
different locations for the shot, and also allowed the size 
of the compartment to be varied - all without having to re- 


locate the container assembly within the model. An identical 
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container set-up was inserted into each end of the pipe mod- 
el, and as before, symmetry was preserved when conducting 
vibrational tests using the lead shot. 

The next step was to decide what quantity of shot would 
provide the best damping action for the model. This was ac- 
complished by conducting shaker table tests with varying 
amounts of shot, but with the shot always in the same loca- 
tion. The first run was conducted using 500 grams of shot, 
representing about a 50% addition to the weight of the basic 
model. Following runs were conducted using 250 grams (=25% 
of basic model), 125 grams (=12% of basic model), and 50 
grams (~5% of basic model). Each of these tests was con- 
ducted with the shot in a six-inch compartment at the tip of 
the pipe. Results for the different weights of shot are 
shown in Figure 13. Surprisingly, varying the amount of shot 
had little effect on the maximum magnification ratio of the 
model. However, as the amount of shot was reduced, the fre- 
quency range over which the shot was active widened. For all 
of the various amounts of shot tested, the maximum magnifi- 
cation ratio waS approximately four for the first mode, as 
compared with a maximum ratio of about 21 for the basic pipe 
without shot. The effect on the second mode was even more 
dramatic, with a reduction of the ratio from almost 300 down 
to about five. 

To determine what effect position of the shot would have, 
a series of shaker table tests were carried out utilizing a 


constant weight of shot and varying the location of the shot 
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within the model. The sectioned container assembly was 
mounted at the tip of the model, and 250 grams of shot was 

‘ placed in the outer six-inch compartment for the first test 
run. The next run was performed with the shot in the inner 
compartment. The third run was made with the shot ina six- 
inch compartment located at the base end of the model, adja- 
cent to the shaker table mount. The results of varying the 
location of the shot are shown in Figure 14. The maximum 
magnification ratios for the first two runs were approximate- 
ly the same, but the outer compartment loading affected a 
Wider frequency range than the inner compartment loading. 
For the third run, with the shot in the base of the model, 
the maximum ratio was about seven. 

Effect of the size of the shot compartment was considered 
next. The location and quantity of the shot was maintained 
constant, and the size (length) of the compartment was varied. 
maeommundred and fifty grams of shot was placed in the tip of 
the model, and compartment lengths of three inches, six 
inches, and ten inches were compared. It was found that in- 
creasing the size of the container resulted in a lowering of 
the maximum magnification ratio. This comparison is shown 
Eaerigure 15. 

One further test was made to examine the action of the 
shot inside the model. Since all previous tests had been 
conducted with the model completely level, it was essential 
to look at what effects gravity might cause if the model were 


inclined at some angle such as the boom might experience in 
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flight. Accordingly, the shaker table was tilted at an angle 
of twenty degrees to the horizontal, and 250 grams of shot 
was placed in a compartment at the tip of the model. Figure 
16 shows that the frequency response of the tilted model was 
almost identical to the response of the similarly configured 
level model. Twenty degrees should be about the maximum com- 
bination of angle of attack and pitch angle encountered in 
flight, so no other angles of tilt were examined. 

The vibrational tests performed on the boom model by no 
means presented a completely optimum solution to the problem 
of boom vibration. Time restraints prevented a more thorough 
determination of the best damping procedure, but the work ac- 
complished did present a reasonable answer to the problem at 
hand. After examining the results of the shaker table tests 
on the pipe model, it was decided to install a ten-inch com- 
partment containing 600 grams of lead shot (about 15% of 
cantilevered portion of the boom) as near to the tip of the 
boom as possible. The compartment was constructed from a 
twelve-inch length of 5/8-inch diameter thin-walled aluminum 
tubing with one-inch wooden plugs on either end. The wooden 
plugs were carefully machined to fit inside the boom, coated 
with a wood sealer to prevent deterioration of the wood, and 
bonded to the aluminum tubing with epoxy glue. The compart- 
ment was placed inside the boom, loaded with shot, and se- 


cured in place with safety-wired set screws. 
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IV. SYSTEM INSTALLATION AND VALIDATION 


A. INSTALLATION 
Installation of the data acquisition system was accom- 
plished essentially in accordance with Reference 5, but sev- 
eral changes and additions were necessary in order to make 
the design functional. 
1. Description 
a. Transducers 

Location of most of the transducers was dictated 
by the system design. Photographs of the instrumented con- 
trol wheel and the rudder force transducers are: shown in 
Figures 17 and 18. The rudder pedal transducers may be re- 
moved from the aircraft when not required. Total weight 
change caused by these transducers is three pounds at fuse- 
lage station 8.5. Installation of the special control wheel 
caused negligible weight change from the original control 
wheel. Mounting of the remote sensing boom was discussed in 
Section III and 1s shown in Figure 2. 

The ideal location for the accelerometer iS at 
the aircraft's center of gravity. However, there was no 
available site at or near the c.g. where the accelerometer 
could be mounted without necessitating an undesirable modifi- 
cation of the aircraft's interior. The transducer was 
mounted on a five-inch by 1.5-inch aluminum plate and bolted 


to the floor of the aircraft on the centerline at fuselage 
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station 67.20. Weight of the accelerometer and plate is 
about .7 pounds. 

In order to minimize the effects of control cable 
stretch, the rudder and elevator position transducers were 
located as near to the control surfaces as possible. Both 
of these transducers were mounted to the aircraft's fuselage 
structure, and can be reached by removing the tail cone at 
the rear of the fuselage. The rudder transducer was mounted 
at station 216.8 (.13 pounds) and the elevator transducer 
was mounted at station 239.1 (1.0 pounds). With each control 
surface held in the neutral position, the wire from each po- 
tentiometer was extended approximately three inches (of a 
total six-inch length) and secured to the bell-crank assem- 
bly of the appropriate control surface in a non-interfering 
manner. This allows a maximum control cable.travel of three 
inches in each direction and is more than adequate to accom- 
modate any control deflection that should be experienced. 

Space limitations prevented the placement of the 
alleron position transducer adjacent to an aileron. It was 
necessary to mount this potentiometer under the cockpit 
floor, near the point at which the control cable from the 
right aileron connects with the center aileron bell-crank 
(station 60.5, .13 pounds). This potentiometer can be reach- 
ed through a small access panel located just aft of the 


right front seat, adjacent to the right cabin wall. 
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b. Junction Box and Signal Conditioning 
A 20-inch by 24-inch plate of 1/4-inch thick 
aluminum was mounted to existing baggage tiedowns in the 
rear of the aircraft cabin by use of four 1/4-inch - 24 
steel bolts at fuselage stations 100.375 and 109.375. The 
J-box, rudder summer, Grant op amps, and system electrical 
power supply are all located on this plate. (See Figure 19). 
The plate serves as a central connection point for all of 
the data acquisition wiring. Total weight of the plate and 
1ts contents is 19 pounds centered at station 104.88. 
c. Consoles 
One of the instrument consoles is located between 
the two frontseats for use by the copilot (see Figure 20), 
and the other two consoles are mounted to the rear of the 
front seats for use by the rear seat passengers (see Figure 
21). The front console caused a weight addition of 8.5 
pounds at station 45.75 while the rear consoles added 17 
pounds at station 54.50. 
ad. Wiring and Tubing 
Electrical wiring between the transducers, junc- 
tion box, and instrument consoles was accomplished using 
four-wire shielded 22AWG cable. All cable shields were 
grounded at the aluminum plate holding the junction box. 
Cablameg ils secured te»the ainenaft cabam fleor with plastic 
clamps, and all electrical leads through aluminum sheeting 
are protected by rubber grommets. Hook-up of the additional 


pitot-static systems was accomplished using 1/4-inch O.D. 
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plastic tubing. It was necessary to pass electrical and 
pitot-static leads from each wing through the engine nacelles 
and into the aircraft cabin. These leads were bundled and 
routed through the nacelle areas uSing aluminum conduit for 
heat protection. 
2. Power Supply 

The electrical power supply for the data acquisition 
system is 28 VDC which is obtained from the main aircraft 
electrical power supply. Connection was accomplished by 
hooking into the existing wiring for the cigarette lighter 
located at the left rear passenger seat. According to Ref- 
erence 2, the voltage at this cigarette lighter should be 12 
vpc. This 12 VDC is obtained by passing 28 VDC through a 
dropping resistor. In order to get the necessary 28 volts 
required by the data acquisition system, the system wiring 
was connected at a point prior to this dropping resistor. 

By linking into existing aircraft wiring 1t was pos- 
Sible to utilize existing circuit protection. This protec- 
tion consists of a ten~amp circuit breaker located on the 
pilot's main circuit breaker panel and a six~-amp fuse loca- 
ted under the pilot's instrument console. The circuit 
breaker is labeled RIGHT LDG LT/REAR CIGAR LIGHTER. The 
fuse is the top fuse in a bank of three, and it may be seen 
by looking upward from the pilot's rudder pedals, just below 
and to the right of the pilot's control column. The electri-~ 
cal load of the entire data acquisition system is approxi- 


mately three amps. 
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Power distribution for the data acquisition system 
is accomplished by use of two bus bars: a +28VDC bus, and a 
ground bus which is connected to the negative side of the 
aircraft battery. Power for the force transducers and the 
Statham accelerometer is obtained directly from these bus 
bars. Twenty-eight volts is fed into each Grant operational 
‘amplifier where it is reduced to a regulated five volts and 
passed on to the appropriate transducer. Power required for 
the surface position potentiometers is also five VDC, but 
since no amplification of the output signal is desired, it 
was not necessary to use op amps. The 28VDC is reduced to 
five VDC by passing it through National Semiconductor minia- 
ture voltage regulators. Original design called for use of 
15VDC with the potentiometers in the YAPS head. However, 
problems were encountered with the available 15VDC regulators, 
and it was decided to use 5VDC vice 15VDC with the YAPS 
transducers. The voltage drop was accomplished identically 
to the drop for the surface position pots. Each of the five 
potentiometer sensors has its own dedicated voltage regula- 
tor, and these regulators are mounted on top of the J-box. 
The 5VDC required for each digital voltmeter is obtained by 
use of a miniature voltage regulator mounted inside each 
console. 

3. Documentation 

All alterations and additions made during installa- 
tion of the data acquisition system were documented using FAA 
‘Form 337. Additionally, all work was inspected by an FAA 


Authorized Inspector. 
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B. PROBLEM AREAS 

Several problems were encountered in implementing the 
data acquisition system design. The major problem involved 
possible vibration of the remote sensing pitot-static boom 
and is discussed at length in Section III. Other problem 
areas are discussed below. 

1. Console Location 

The original system design called for the two rear 

student instrument consoles to be bolted to the back of the 
two front Seats. This arrangement presented a possible dan- 
ger to the rear seat passengers. If the passengers were 
thrown forward during an emergency landing, their heads 
would strike the consoles. Location of the consoles could 
also preset an®obstruction™tov"emergency egress ‘from*thevair— 
craft. Accordingly, the rear console mountings were modified 
so that they could be easily removed in flight and the con- 
soles stowed safely away. The consoles were mounted on two 
metal dowels which fit into holes in the top of the front 
seats. The consoles are held in place by elastic bungee 
cords which reach from the bottom of each console to the 
floor. The consoles can be easily removed by releasing the 
bungee cords and lifting the consoles upward. The same bun- 
gee cords are then used to secure the consoles in an out of 
the way position under the front seats. (See Figure 21). 

2. Potentiometer Circuits 

BaigiwoOn them potentiometer camenats (control surface 


position indicators and YAPS head) is arranged in a balance 
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bridge to provide an adjustable zero setting. As a result, 
the voltage measured by each potentiometer circuit is a dif- 
ferential signal vice a Single ended input. It was found 
that when the output of these potentiometer circuits was 
measured with a very reliable digital voltmeter, the voltage 
varied Significantly from the signal displayed by the console 
voltmeters. Reference 4 states that the maximum common mode 
voltage which can be handled by the Datel voltmeters is +2 
volts. Investigation showed that the common mode voltage of 
each of the potentiometer circuits exceeded these limits 
over at least part of their range. This excessive common 
mode voltage caused the console voltmeters to saturate and 
display an erroneous output signal. 

Since the purpose of the output signal is to provide 
an indication of control surface or vane position, accuracy 
of the voltage is not essential. Calibration curves were 
constructed using the console voltmeters, and while the re- 
sulting plots are not linear, they at least provide correct 
position information. 

3. Voltage Regulators 

When the National Semiconductor voltage regulators 
were originally installed, it was found that they heated up 
excessively when power was applied. Heat Sinks were instal- 
led in an attempt to reduce the heating, but this was only 
partially successful. Dropping resistors were incorporated 
to drop the system's 28VDC down to about 8VDC before feeding 
it into the voltage regulators. This completely removed any 


problem of the regulators overheating. 
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4. Electrical Noise 

The signal produced by each of the force transducers 
is very small. By the time this signal is routed to its 
operational amplifier in the rear of the aircraft cabin, the 
Signal-to-noise ratio is fairly low. The resulting amplified 
Signal is quite noisy. Some noise is present in the poten- 
tiometer circuits, but the signal-to-noise ratio is much 
higher, and the signal is considerably cleaner. 

5. Voltmeter Sampling Rate 

The Datel digital voltmeter is designed to sample an 
analog signal at the rate of 200 times per second. Because 
of the extreme sensitivity of each output signal plus the 
high noise level present in some Signals, this high sampling 
rate caused such a rapidly changing signal display that it 
was impossible to read it. The sampling rate was halved by 
use of a capacitor (see Ref. 4), but this rate was still 
much too rapid. 

A workable solution was reached by installing an 
“inhibit switch". This switch was placed on the copilot's 
console, and when it is actuated it samples and holds what- 
ever signal is currently displayed on each of the three con- 
soles. When the switch is returned to its OFF position, the 
normal sampling rate resumes until the switch is again actu- 


ated. 


C. INITIAL CALIBRATION 
Once the system installation had been completed, an ini- 


tral Calibration of the entire data acquisition system was 
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necessary. Calibration procedures were formulated for future 
use and are included in Appendix C. 
1. Voltmeters 

Voltmeter calibration was accomplished in accordance 
with the manufacturer's me@euce vena: (See Ref. 4). Three 
adjustments were required during this calibration - balance 
control adjustment, zero control adjustment, and full scale 
control adjustment. These adjustments were made using three 
control screws located on the voltmeter face as shown in 
Figure 22. An additional test was conducted to ensure that 
all display segments of the voltmeter were working properly. 
Step by step calibration procedures are listed in Appendix 
Cr, 

2. Position Indicators 

Calibration of the three flight control position in- 
dicators was relatively simple. Each flight control surface 
was held in the neutral position, and the voltage output from 
each position signal was nulled using the appropriate balance 
potentiometer located on the J-box. A clinometer was placed 
on the right aileron, and the aileron was varied through the 
range +20 degrees in five-degree increments. A plot of ai- 
leron position versus output voltage was obtained and is 
shown in Figure 23. Elevator position calibration was acy 
complished in the same manner. The elevator was varied 
through the range +25 degrees to -15 degrees and the result- 
ing plot is shown in Figure 24. Although the hinge line of 


the rudder is not vertically oriented, Ref. 2 states that 
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rudder deflection should be measured in the waterline refer- 
ence plane. Accordingly, a protractor wasS constructed to fit 
between the rudder and fuselage with its center at the rud- 
der hinge line. The rudder was varied through the range +25 
degrees, and the resulting plot of voltage versus rudder 
position is shown in Figure 25. 
3. YAPS Head 

Calibration of the angle of attack and sideslip 
vaneS waS Similar to the calibration of the surface position 
indicators discussed above. A protractor was placed at the 
base of the AOA vane, with Ree center coinciding with the 
center of the vane shaft. The vane was varied through the 
range +35 degrees from the neutral point, and voltage versus 
AOA was recorded (Figure 26). The same procedures were fol- 
lowed for the sideslip vane, and the calibration curve is 
shown in Figure 27. 

4. Force Indicators 

Calibration of the force sensing indicators consisted 
of adjusting the output Signal of each Grant operational amp- 
lifier. These amplifiers are capable of producing a five- 
volt positive Signal, but they saturate at approximately .7 
volts in the negative sense. When the range of the digital 
voltmeters is taken into account, an output range of +1.999 
volts to -.7 volts can be obtained from these op amps. The 
GAIN of each amplifier was adjusted to accommodate the maxi- 
mum possible forces experienced by each control system, 
while providing maximum amplification of the transducer sig- 
We. 
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a. Elevator 
-The instrumented control wheel was removed from 
the aircraft and mounted to a rigid structure. Power supply 
and wiring identical to that in the aircraft was hooked into 
the elevator strain gage bridges, and the ELEVATOR FORCE op 
amp from the aircraft was used to amplify the bridge signal. 
Known forces were applied to the center of each side of the 
control wheel in the fore and aft directions by use of a 
pulley and cable set-up. The GAIN of the op amp was adjusted 
to obtain an output signal of 15 millivolts per pound. A 
calibration curve for the elevator force system is shown in 
Figure 28. After the control wheel and op amp had been re- 
placed in the aircraft, this calibration curve was confirmed 
by use of a hand-held force gage. 
b. Aileron 
Calibration of the aileron force system was con- 
ducted similarly to the calibration of the elevator force 
system. Known forces were applied to both sides of the 
wheel in the vertical direction, and the GAIN of the AILERON 
FORCE op amp was adjusted to furnish an output Signal of ap- 
proximately 15 millivolts per pound. The elevator force 
calibration curve is shown in Figure 29. As before, this 
curve was confirmed by use of a hand-held force gage once 
the system had been re-installed in the aircraft. 
c. Rudder 
Calibration of the rudder force system consisted 


of adjustment of the GAIN of both Grant op amps in the 
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rudder force system. Because of complexities caused by the 
rudder summer, it was decided to calibrate each op amp sep- 
arately. The right rudder force transducer was removed from 
the rudder pedal and placed on a level area of the cabin 
floor. Weights were stacked on the transducer, and the RT 
RUDDER FORCE op amp GAIN was adjusted to obtain a signal out- 
put of ten millivolts per pound. The LFT RUDDER FORCE op 
amp GAIN was adjusted in a similar manner. A rudder force 
calibration curve is shown in Figure 30. Both op amps were 
reconnected to the rudder summer, and the calibration curve 
was confirmed by use of a hand-held force gage. 
5. Accelerometer 

A complete investigation of the dynamic response of 
the accelerometer had been conducted previously (see Ref. 5). 
An abbreviated static calibration of the accelerometer was 
Carried out by means of the turnover method. The sensing 
axis of the transducer was placed level to the earth's sur- 
face, and the ZERO screw of the ACCEL op amp was adjusted to 
provide a zero Signal output for this zero g condition. 
Next, the accelerometer was rotated until its senSing axis 
was exactly vertical (+lg), and the GAIN screw was adjusted 
to provide a signal output of +500 millivolts. The acceler- 
ometer was then turned upside down to ensure that the -lg 
condition produced an output of -500 millivolts. The accel- 
erometer was previously found to have a linear response in 
the range -2 to +6g, and this encompasses any load factor 


that N164X might experience in normal flight. 
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D. FLIGHT EVALUATION 

The data acquisition system (minus the pitot-static boom) 
was tested throughout the flight envelope of N164X. All of 
the systems appeared to work satisfactorily with one excep- 
tion. The accelerometer output Signal was so noisy in flight 
that it waS practically useless. Use of the inhibit switch 
was Of no assistance with the accelerometer - it only served 
to Sample and hold an erroneous signal. 

There were several system-related deficiencies noted, 
also. With the rudder force transducer blocks installed, 
the copilot's brakes were almost impossible to use. While 
this is not a safety hazard, it is a less than optimal con- 
dition. Accordingly, the rudder pedal force transducers 
are installed in the aircraft only on flights where rudder 
force information is necessary. Another problem area in- 
volves the instrumented control wheel. When it is desired 
to obtain aileron or elevator force meaSurements, the stu- 
dent occupying the copilot's seat must fly the aircraft. 
The primary flight instruments are all located on the pilot's 
Side of the aircraft. This, combined with the copilot's un- 
familiarity with the aircraft, makes it difficult for him to 
control the aircraft smoothly. This leads to erratic eleva- 
terv,atleron force indications. Fanally, lt is difficult to 
read the output of the digital voltmeters on each instrument 


console when the aircraft is operating in bright sunlight. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


The data acquisition system installed in N164X is elemen- 
tary, but workable. The system has several problems areas 
Which need to be corrected, but it is functional and allows 
the aircraft to be used as a flying laboratory. Installation 
of additional sensors will enhance the usefulness of the 
system. The remote-sensing boom will be installed as soon 
as FAA approval can be obtained. Three rate gyros anda 
trailing cone for use as a remote static source are ready 
for installation when feasible. A suitable alternative for 
the existing accelerometer should be sought. The inhibit 
switch which was installed to provide a sample-and-hold cap- 
ability was merely a stopgap measure. If the signal which 
is being sampled has a high noise component, then the data 
obtained are not very reliable. Some means should be sought 
to either filter out noise before the signal is fed into the 
digital voltmeter, or to slow the voltmeter sampling rate 
down to a useable level. 

Future plans for the aircraft include a complete revamp- 
ing of the system signal conditioning. Thought should be 
given to placing amplification for the force signals as close 
to the transducers as possible to provide a high signal-to- 
noise ratio. A voltmeter selector switch with a dedicated 
position for each individual electrical transducer would be 


much more convenient than the cumbersome patching system 
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used in the present system. To overcome the difficulty 
caused by sunlight shining on the voltmeter face and obscur- 
ing the Signal, some type of hood or sun shield should be 
placed around each console voltmeter. 

To obtain better results from the control force systems, 
one of two alternatives should be considered. Either the 
instrumented control wheel and rudder force transducers 
should be moved to the pilot's side of the aircraft, or the 
students who fly as copilot should be given some sort of 
familiarization training before they attempt to provide con- 
trol force data. 

Work is currently underway on a photo panel for use with 
the aircraft's data acquisition system. Some type of re- 
cording device such aS a tape recorder or an oscillograph is 
needed to help gather dynamic stability and control informa- 
tion. Any future additions or modifications to the data 
acquisition system must include the student as an integral 
part of the data-taking process. One of the most attractive 
features of a flying classroom is the ability to get the 


student actively involved in flight evaluation. 
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APPENDIX A 
DETERMINATION OF SPRING CONSTANTS FOR 


THE FORWARD BOOM SUPPORT 


In order to model the boom accurately, it was first nec- 
essary to determine the spring characteristics of the forward 
boom support. This support consists of two 2-inch by 1/8- 
inch straps of sheet aluminum which are welded to a heavy, 
3/8-inch circular aluminum collar as shown in Figure 3l. 
When mounted on the aircraft the free ends on the two straps 
are bolted to the top and bottom of the forward bulkhead of 
the left tip tank, while the collar fits snugly around the 
boom. 

In order to investigate the spring tendencies of this 
support, the boom was removed from the support and taken off 
the aircraft. It was evident that merely applying a force 
to the support and measuring its deflection would produce 
meaningless information. The result would be a combined 
function of the air pressure in the aircraft tires and the 
twist and bending of the wing, as well as the deflection of 
the boom support. In order to cancel these unwanted effects, 
a stiff pipe. was mounted in the same position as the boom 
but extended only up to a position just prior to the support. 
A Scherr Tumico dial gage was mounted on this pipe so as to 
measure any vertical deflection between the pipe and the 
strap. A second dial gage was mounted on the pipe to measure 


deflection between the pipe and the support in the horizontal 
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Girection. In effect, this pipe created a moving reference 
point which would indicate only deflections caused by the 
twisting and bending of the actual boom support and would 
negate any other deflections. A photograph of this refer- 
ence set-up is ee inweigqure 32. 

By use of pulleys and a tripod, the collar of the sup- 
port was loaded vertically upward in five-pound increments 
to a maximum load of thirty pounds. Both the vertical and 
horizontal deflection was recorded at each weight increment, 
and a graph of force versus deflection was plotted to deter- 
Mine the vertical and horizontal spring constants. This pro- 
cedure was repeated three additional times with the boom 
support loaded vertically downward, horizontally inward, and 
horizontally outward respectively. The spring constants for 
each load condition were determined from plots of force 
versus deflection as shown in Figures 33 and 34. 

The spring constants were found to be essentially con- 
stant for each load configuration over the load range exam- 
ined. However, the spring constants for the upwardly loaded 
Support were found to be slightly different from those deter- 
mined by a downward loading. Likewise, the values determined 
were different when the outwardly loaded case was compared 
with the inwardly loaded case. These results are reasonable 
for an irregular shaped spring such as the boom support. 

The spring constants found by the above method were a 
function of the boom support and the wing tip tank on which 


it is mounted. In order to determine how much of the spring 
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action is directly attributable to the support alone, a 
second series of measurements were made with the support 
mounted to a rigid structure. A full-size wooden mock-up 
of a cross section of the left wing-tip tank was created. 
This wooden mock-up provided a means of maintaining the 
shape and position of the boom support in the laboratory. 
The support was mounted to the mock-up using the existing 
screw holes, and this assembly was clamped to a rigid beam. 
As before, the support was loaded in four different direc- 
tions, and the spring constants were determined from a plot 
of force versus deflection. A photograph of the lab set-up 
is shown in Figure 35,and the force/deflection plots are 
shown in Figures 36 and 37. 

When theSe spring constants were compared with the values 
found for the support-tip tank combination, it was determined 
that a large portion of the spring action in the vertical 
plane was due to the bending and twisting of the wing tip 
tank. A smaller, but still significant, part of the spring 
action in the horizontal plane was also found to be due to 
the tip tank structure. These results led to the conclusion 
that even if a completely rigid forward boom support was 
used, there would still be some spring action resulting from 
the twisting and bending of the tip tank. 

The actual forces which the forward support exerts on the 
boom in flight are a result of the support-wing tip tank com- 
bination, so the spring constants determined by the first 


methnoa were the values used in all theoretical calculations. 
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APPENDIX B 


#@eeeee1eoescee@eetoao¢eees#sse¢ee@ees+sste#eseeoevs eeeoeeeeseoeageeeseneaoeoneeeoeeeeoeee oa evn eeeeseeenuse eeoeeese 


ee VIBRATICNAL ANALYSIS OF THE PITOT-STATIC B8BCCM oe 
ee USING THE RAYLEIGH-RITZ ENERGY METHOD oe 
ee DEFINITION QF TERMS: ee 
ee INPUT DATA: ee 
ee BS(I,;J) = BEAM STIFFNESS MATRIX oe 
oe S(Is7J) = SPRING STIFFNESS INFLUENCE MATRIX ee 
ee CNECI,J) = CONCENTRATEO TIP MASS INFLUENCE MATRIX ee 
ee SRATIO = SPRING STIFFNESS RATIG,g KS aaa B ee 
oe OUTPUT DATA: oe 
ee EV(I) = EIGENVALUcCS (OMEGA**2) oe 
ee FREQ(I) = NATURAL FREQUENCIES, HZ oe 
ee P(I,J) = MCDAL MATRIX ee 
e¢ V(1I,K) = MODE SHAPE ee 
ee XL(K) = BEAM STATION, X/L ee 
DATA ICASE/1/, CONST/0.48040E-03/,PI/3.14159265/ 
CIMENS ION Ieee 41.3044.) UNE (4 44 ).5 11 TLE (9,60) 
9414 94),8(454),EV(4),FREQ(4)5P (4,4),V04320),XL(20) 
ee INPUT THE BASIC MATRICES: 
1CO READ(5,10)((BS( 13,5) ,JSJ=1,4) ,1=1,4) 
READ(5;10)(( S(€1I,J),JSJ=194),1=1;4) 
READ(5,10) ((CM(1,JS) .J=1;4) ,1=1:4) 
WRITE( 6,11) 
WRITE(6,12) 
WRITE( 6,13) (°01,(°BS(1,_ J) -J=194) ,1=1,54) 
WRITE( 6914) 
WRITE (6312) 
WRITE( 6-13) 015(°0SC01,J3) ,J=1:4) ,1=1:4) 
WRITE (6315) 
hRITE( 6,12) 
WRITE(6,13)01,(0CM(01,J),J=1:4),1=1;4) 
101 DO 102 I1=1;4 
DO 102 J=1;4 
CNE(I,J) = 1.0 
102 CONTINUE 
WRITE( 6,16) 
WRITE(6,12) 
WRITE( 6,13) 01,(0GNE(1T,J),J=1,4) ,1=1,4) 
ee INPLT THE SPECIFIC PRCBLEM CASE INFCRMATION: 
110 wRITE(6;9) 
READ( 5,18) SRATIG,CMU 
DO lil T=1,9 
READ(S,1L7)(TITLEC1I;,J) »J=1;60) 
WRITECE,LAIVCTITLE( Ts, J) sJ=1,60) 
¥i1l CONTINUE 
WRITE( 6,19) SRATIO,CMU 
ee FCRM TOTAL ELASTIC (A) AND MASS (8B) MATRICES: 
120 COQ 121 [=1:4 
DO 121 J=1;:4% 
A(I;J) = BS(1I,J) + SRATIO*¥S(1I3J) 
B(I,J) = CONST*(CM(I,J) + CMU*ONE(CI,JS)) 
lZ2@l CONTINUE 
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PITOT-STATIC BOOM ANALYSIS 
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APPENDIX C 


CALIBRATION PROCEDURES 


Calibration of the data acquisition system should be 
done about every three months. An ideal time to do the cali- 
bration is at the beginning of each academic quarter. A 
majority of the work can be done on the aircraft, but it may 
be necessary to remove some system components in order to 
calibrate them. Only minor adjustments should be necessary 
during these periodic calibrations. Calibration procedures 


are outlined below: 


A. DIGITAL VOLTMETERS 

The voltmetersmay be removed from the aircraft and cali- 
brated in the lab, or they may be calibrated while mounted 
in the consoles. If it is desired to remove the meter from 
the console, proceed with step 1; otherwise, start with step 
2 

1) Unsnap the plastic cover from the face of the meter 
and remove the four mounting screws which hold the meter in 
the console. Lift the meter out of the console. 

2) Unplug the connector plug from the rear of the meter. 

See COnDeCtCOL plug with dummy leads is available in 
the Aeronautics Department Electronic Shop. Plug this con- 
nector into the meter. 

4) Power for the meter is obtained by connecting pin 
18A of the connector plug to +SVDC, and pin 18B to ground 
(-5VDC). 
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5) Ground pin 14A. If all of the segments of the meter 
display are working correctly, a reading of +1.888 should 
appear. 

After a five minute warmup, proceed as follows: 
BALANCE CONTROL 

6) Short the analog input terminals (pins Al8 and B18) 
to analog common (pin B4). 

7) Rotate the balance control (see Figure 21) until the 
display is flickering between (+) zero and (-) zero. 

ZERO CONTROL 

8) Connect a precision voltage reference source to the 
analog input terminals (pins 18A and 18B). 

9) Adjust the voltage output from the reference source 
to 300 micro-volts. Rotate the zero control (see Figure 21) 
until the least significant digit of the eg. display 
flickers between zero and one. 

FULL SCALE CONTROL 
10) Adjust the output from the reference source to 1.990 
volts. Rotate the full scale control of the panel meter 


(see Figure 21) until the meter display reads 1.990 volts. 


B. POSITION INDICATORS 

Two people will be required to complete this phase of 
the calibration. 

1) Physically position each control surface in its neu- 
tral position and zero the output signal of each circuit by 


adjusting its balance potentiometer. 
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2) Place a clinometer on the right aileron. Adjust the 
trailing edge of the aileron over the range +20 degrees from 
the neutral position in increments of five degrees. Compare 
the output at each angle with the initial calibration curve 
and note any Significant differences. 

3) Place the clinometer on the elevator and adjust the 
trailing edge over a range of 25 degrees up to 15 degrees 
down in increments of five degrees. Compare the output with 
the initial calibration curve and note significant differ- 
ences. 

4) A special protractor is available for use in cali- 
brating the rudder position transducer. Place this protrac- 
tor between the rudder and the fuSelage and ensure that the 
centerline of the protractor coincides with the centerline 
of the vertical stabilizer. Adjust the trailing edge of the 
rudder through the range +25 degrees in increments of five 
degrees. Compare the output with the initial calibration 


curve and note significant differences. 


C. YAPS HEAD 

1) Position the sideslip vane in the neutral position 
by aligning the scribe marks on the vane shaft. Zero the 
output Signal uSing the sideslip balance potentiometer on 
the junction box. 

2) Using a protractor, adjust the vane through the 
range +20 degrees in increments of five degrees. Compare the 
output Signal with the initial calibration curve and note any 


Significant differences. 
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3) Repeat 1) and 2) above for the angle of attack vane. 


D. FORCE INDICATORS 

Calibration of the force indicators consists of ZERO and 
GAIN adjustments to the appropriate operational amplifiers. 

1) Ensure that the copilot's yoke is free. Place the 
Conerol lock on the pilot's control column. 

2) Zero the elevator force signal by adjusting the ZERO 
Screw in the ELEVATOR FORCE operational amplifier. 

3) Using a hand-held force gage, or a weight and pulley 
arrangement, apply a 10-pound nose-up force to one side of 
the copilot's control wheel. Adjust the GAIN of the op amp 
until an output signal of +150 millivolts is obtained. Next, 
recheck the zero reading. Several iterations may be re- 
quired to establish the proper ZERO/GAIN adjustment. Now 
apply several different force increments in both the nose-up 
and nose-down directions to ensure that the output signal 
matches the original calibration data. If significant dif- 
ferences exist, it may be necessary to do a more careful 
calibration and create a new data reduction curve. 

4) Repeat 2) and 3) for the AILERON FORCE operational 
amplifier. Application of a 10-pound force in the right wing 
down direction should be adjusted to read +150 millivolts. 
Again, check that forces in both directions create an output 
comparable to original calibration data. 

5) There are two operational amplifiers associated with 
the rudder force circuit, and it is necessary to adjust each 


one separately. Remove the left cannon plug from the RT 
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RUDDER FORCE op amp. USing an external power Supply, patch 
+28 VDC into pin C and -28 VDC into pin B of the operational 
amplifier. Next, patch pin E into the high side of a digital 
voltmeter, and pin D into the low side. Adjust the ZERO 
screw on the op amp to obtain a zero Signal. Remove the 
right rudder force transducer from the rudder pedal and place 
it upright on the cockpit floor. Place a ten-pound weight 

on the transducer, and adjust the GAIN screw to obtain an 
output Signal of +100 millivolts. As before, several attempts 
may be necessary to obtain the proper balance between the 
ZERO and GAIN adjustments. Apply several different forces 

to the transducers to check for agreement with original cali- 
bration data. Replace the cannon plug when complete. 

6) Repeat 5) for the LEFT RUDDER FORCE op amp. 

7) In order to calibrate the accelerometer operational 
amplifier, it will be necessary to remove the accelerometer 
from its mount. Place the accelerometer on its back and, 
with the help of a bubble-type level, make sure that the 
sensing axis is exactly horizontal. Zero the output Signal 
by adjusting the ZERO screw on the accelerometer op amp. 

Next place the accelerometer upright (SenSing axis exactly 
vertical) and adjust the GAIN screw to obtain an output of 
+500 millivolts. Once the proper GAIN/ZERO balance has been 
found, the accelerometer should read +500 millivolts when 
upright, zero millivolts when on its back, and -500 milli- 


volts when upside down. 
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APPENDIX D 


PROS oOLGHT PROCEDURES 


Before each flight, it should be decided which electri- 
cal transducers will be used for that flight. Preflight 
adjustment is necessary only for those transducers that will 
be utilized. 

1) Using jumper wires, connect the desired sensor in- 
put plugs to output plugs on the junction box. (Ensure that 
red input plugs are connected to red output plugs, and black 
input is connected to black output). Make a note of which 
input sensor is connected to which output channel. If more 
than five electrical sensors are required for the flight, it 
will be necessary to switch the jumper wires in flight. 


2) Check all plugs/cables connected and tight. 


After the pilot has completed his cockpit preflight, proceed 
as follows: 

3) Turn on the aircraft battery switch. 

4) Turn on the main power supply switch located on the 
data acquisition system junction box. 

5) If the rudder force sensors will be used in flight, 
turn on the rudder force summer switch. Otherwise, leave it 
in the off position. (This switch is located next to the 


power supply switch). 
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If the flight control surface position indicators are to be 
used: 

6) Station someone at the rudder to hold it in the neu- 
tral position. Loosen the nesitisig nuts on the rudder balance 
pot shaft and zero the rudder position Signal. Hold the pot 
shaft in place and retighten the locking nuts. Check to see 
that movement of control surface results in change in the 
digital output signal. 

7) Repeat 6) for elevator. 


8) Repeat 6) for aileron. 


If control force indicators are to be used: 
9) Ensure that the copilot's control wheel is free. 

10) Using a small jeweler's screwdriver, rotate the ZERO 
adjusting screw on the op amp marked ELEVATOR. (This adjust- 
ment 1S very sensitive and an exact zero may not be possible. 
Note any error in the zero position). Do not touch the GAIN 
screw - this adjustment is made during periodic system cali- 
bration. Ensure that a force applied to the copilot's wheel 
in the fore and aft direction results in a change in the 
digital readout for elevator force. 

11) Repeat 10) for AILERON op amp. 

12) Ensure that the rudder force transducer blocks are 
mounted on the copilot's rudder pedals. Exercise these trans- 
ducers to ensure that a force applied to the right rudder 
results in a positive Signal and a force applied to the left 
rudder pedal results in a negative signal. No zero adjust- 


ment should be attempted - note the zero force reading and 


apply this as a correction to any reading taken in flight. 
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If the YAPS head is to be used in flight: 

13) Position the AOA vane in the neutral position by 
aligning the scribe marks on the vane shaft. Loosen the 
seeing nuts on the AOA balance pot shaft and zero the AOA 
Signal. Hold the shaft in place and retighten the locking 
nuts. Check that movement of the AOA vane results ina 

corresponding change in the AOA signal. 


14) Repeat 13) for the sideslip vane. 


If the accelerometer is to be used in flight: 

15) Check for an output signal of approximately 500 
Millivolts. No preflight adjustments are possible. If sig- 
nal is in extreme error, accelerometer op amp must be cali- 


brated in accordance with Appendix C. 


Pitot-static Systems 

It is possible to select which pitot-static system is 
connected to each console altimeter/airspeed indicator. 
Connections are accomplished with quick disconnect fittings 
at the pitot-static selector panel located on the rear of 
the right front seat. 

16) Connect each set of pitot-static lines to the input 
lines for the desired instrument console. Note neler sys- 
tem 1s connected to each console. 

17) Check to see that all pitot-static ports are clear 
a unobstructed. 

18) Set the correct barometric pressure in the window 


of each console altimeter. 





POSTFLIGHT PROCEDURES 


1) Turn off the power supply switch and the rudder 
summer switch. 
2) Install the vane guard on the YAPS head. 


3) Note any system discrepancies. 
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FIGURE 21. INSTALLATION OF REAR SEAT INSTRUMENT CONSOLE 
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FIGURE 29. AILERON FORCE CALIBRATION CURVE 
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a. Loaded Vertically Upward b. Loaded Vertically Downward 





c. Loaded Horizontally Outward d. Loaded Horizontally Inward 


FIGURE 35. REFERENCE SET-UP FOR MEASURING 


BOOM SUPPORT DEFLECTION IN LABORATORY 
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